• This is the peer reviewed version of the following article: WANG, X.
and 9 -11·MeCN were determined; 5 contains a chelating imino/phenoxide ligand, whereas 7 contains an amine/phenoxide ligand. Complex 9 contains three nitrogen-bound Al centres, two of which are linked via a methyl bridge, whilst the third bridges the N and P centres. In 10, the structure resembles 9 with a bridging methyl group, whereas the introduction of the extra carbon in 11 results in the formation of a dimer. All complexes have been screened for their ability to ring opening polymerization (ROP) ε-caprolactone, δ-valerolactone or rac-lactide, in the presence of benzyl alcohol, with or without solvent present. Reasonable conversions were achievable at room temperature for ε-caprolactone using complexes 7, 9 and 12, whilst at higher temperatures (80 -110 °C) , all complexes produced good (> 65%) to quantitative conversions over periods as short as 3
Introduction
The use of ring opening polymerization (ROP) of cyclic esters remains a topical area given the ease of access to a range of biodegradable polymers. [1] The polymer products have wide potential, finding use in, for example, the packaging industry as well in the biomedical field (e.g. as implants). [2] Of the complexes employed as catalysts in such ROP reactions, aluminium species, given both their low toxicity and high Lewis acidity, continue to attract the interest of a number of research groups. [3] For alkylaluminium complexes, the addition of an alcohol, typically benzyl alcohol or isopropanol, generates the required catalytic alkoxide species.
Easily prepared pro-ligands are also a prerequisite if such systems are to be employed on a bulk scale. With this in mind, the use of phenoxyimine type ligation has attracted interest, and a number of structure/activity relationships have been identified. [4] Indeed, a search of the CSD revealed 343 hits for dialkylaluminium where N and O complete the coordination environment, and of these hits, 76
contained chelating phenoxyimine ligand sets. [5] For an overview of the phenoxyimine aluminium systems that have previously been employed in the ROP of cyclic esters, see Table S1 (SI). [6, 7] Having employed this type of ligand set recently in vanadium-based α-olefin polymerization, [8] we now, as part of our continued interest in designing new aluminium-based initiators/catalysts for the ROP of cyclic esters, [6t] report our results on the series of complexes [R 1 R 2 CHN=CH(3,5-tBu 2 . We note that Nomura has previously investigated the effect of the imino substituent on the ROP of ε-CL, and observed greatly enhanced activity for aryl substituents (C 6 F 5 , 2,6-iPr 2 C 6 H 3 ) versus aliphatic substituents (adamantyl, tert-butyl) . [7] Herein, we initially targeted diphenylglycine and derivatives thereof given the tendency of related motifs to form highly crystalline products. [9] However, the loss of CO 2 during the formation L 3 H (dpg), see discussion below, led us to explore the family of pro-ligands with both aliphatic and aromatic substituents bound to the N-bound CH group.
Results and Discussion

Pro-ligands L 1-5 H
The Schiff-base pro-ligands used herein were prepared by standard condensation procedures in good yields > 90% except in the case of L 3 dpg (63%). [10] [10, 11] Crystals suitable for
obtained via the use of benzhydrylamine (dpa)
were grown from a saturated acetonitrile solution at ambient temperature. The molecular structure is shown in Figure 1 , with selected bond lengths and angles given in the caption. There are two unique molecules in the asymmetric unit with slightly different arrangement of the phenyl groups and methyl groups. In each of the two molecules the core is essentially planar; there is an intramolecular hydrogen bond between the phenol and the imine groups. 
Similar use of diphenylglycine (dpg), 2,2 / -Ph 2 C(CO 2 H)(NH 2 ), resulted in loss of CO 2 during the conditions employed herein and formation of a pale yellow product. A crystal structure determination revealed that the structure of L 3 H (dpg) was identical to that obtained using dpa (see Fig. S1 in the SI for overlap of the structures and Fig. S2 for the molecular structure and bond lengths and angles for L 3 H (dpg)). A phase change accounts for the differing unit cells in Table 7 which were collected at 150 and 293 K. [11] whilst the debutylated version of complex 5 has recently been employed by Chiang, Chen and
Organoaluminium complexes
Chen and coworkers for the ROP of ε-caprolactone and L-lactide; the structure of debutylated 5 was not reported.
[6z]
Herein, crystals of 5 suitable for an X-ray diffraction study were grown from acetonitrile on prolonged standing at ambient temperature. The molecular structure is shown in Figure 2 with selected bond lengths and angles given in the caption; crystallographic data are presented in Table 2 .
The asymmetric unit of 5 contains one molecule of the complex; there is no solvent of crystallization. The C-N bond at 1.32(3) Å is consistent with an imine linkage, whilst the Al-N bond length (1.98(2) Å) is typical of reported Al-N imine bonds. [12] In the packing of the complex, the structure adopted is layered, with C-H···π interactions between layers. (17) , Al(1)-C(2) 1.9537 (16) , N(1)-C(17) 1.4900 (17) 
On one occasion, we also isolated the amine complex [Ph 2 NCH 2 (3,5-tBu 2 
, the molecular structure of which is shown in Figure 3 .
The longer Al-N and N-C bond lengths are consistent with an amine linkage. [13] The nitrogen N (1) is not protonated here as the sum of the angles is [13a]
The formation of 7 is thought to be due to the presence of excess Me 3 Al acting as a reducing agent.
Interestingly, Stephan et al have recently reported
imine hydrogenation by alkylaluminium catalysts (eg iBu 3 Al) albeit under more forcing conditions; a hydroalumination/hydrogenolysis mechanism was invoked. [14] For comparative ROP studies (see later), we also prepared the known Schiff base complex [2-
, [10] and studied the interaction of 2-diphenylphosphinoaniline, 1-NH 2 ,2-PPh 2 C 6 H 4 , with an excess of Me 3 Al. In the case of diphenylphosphinoaniline, following work-up, small colourless crystals suitable for X-ray diffraction using synchrotron radiation were isolated in 56% yield. [15] As shown in Figure 4 , the complex (9) contains three tetrahedral dimethylaluminium centres, two of which are bound to what was the amino nitrogen N(1), and also to each other via a methyl bridge. A search of the CSD revealed 30 hits for methyl bridging of aluminium centres (see Chart S1, SI). [16, 17] In 9, two out of three H atoms on the CH 3 group at C (7) Given the nature of the bridging methyl group in 9 versus that reported for I, [16b] we decided to reexamine the structure of the diphenylamine derived aluminium structure. Single crystals of 10 suitable for X-ray diffraction were grown from hexane in ca 63% yield, which proved to be a two component twin with domains related by a 180 ° rotation about real and reciprocal axes 010.
There is one molecule of 10 in the asymmetric unit (no solvent of crystallization), which is shown in Figure 5 with selected bond lengths and angles given in the caption. anisidine derived complexes). [18] In 11·MeCN, both N-H groups point 'up', and there is one, wellbehaved MeCN solvent molecule of crystallization which is H-bonded to one of the two N-H moieties; the dimensions associated with the H-bonding are given in the SI (Table S2 ). 
Ring Opening Polymerization (ROP) of ε-
Given that aluminium compounds are known to be efficient catalysts for ring opening polymerization (ROP) of cyclic esters, [3] Table S3 ) or varying the amount of BnOH was not found to be beneficial. Pre-catalyst 2 was employed to ascertain the optimum conditions (see Table S4 ), and was found to be effective for the ROP of ε- Prolonging the reaction time to 12 h (runs 8 and 9) led to decreased conversions rates, presumably due to catalyst decomposition; at 110 o C in toluened 8 in a sealed NMR tube, the spectrum reveals distinct changes even after 1 h.
In addition, we investigated the behaviour of the other complexes herein towards the ROP of ε-CL, using the ratio 250:1:1 (see Table 1 ). Generally, these aluminium complexes displayed good catalytic conversions, particularly at temperatures of 80 °C or higher (> 92%). Catalytic systems employing complexes 7, 9, 10 and 11 outperformed the others at 110 °C, affording quantitative conversions over 13 mins or less. For complexes 1 -6, the trend is for the methyl derivatives to outperform the ethyl derivatives at both 80 and 100 °C, a trend that has been seen previously, [19] ; the opposite trend has also been reported.
[6z] Within the series 1 -6, on changing the sterics of the precursor aniline, there is little change in the conversion rates for either the methylaluminium or ethylaluminium derivatives.
Typically, on increasing the temperature, the conversion rates increase, e.g. Figure S6 (SI) for complex 5. In the case of the systems derived from 1-NH 2 ,2-PPh 2 C 6 H 4 (8 and 9), use of complex 9 appears to be more efficient and more controlled (narrower PDI). Similar trends are observed for those systems derived from diphenylaniline with complex 10 outperforming the systems bearing the phenoxyimine motif.
However, it should be noted that isolated polymer yields were moderate to good, for example for run 21 ( Fig. S9 , SI) revealed the presence of a benzyloxy initiating group and a series of peaks separated by 114.14 mass units (the molecular weight of the monomer). A 'blank run' conducted under the same conditions but using only trimethylaluminium and BnOH (i.e. no dpg or benz-derived ligands were present) failed to afford any polymer (see Table S6 , SI). Table 1 . ROP of ε-caprolactone using complexes 1 -11 (not 2). Insert here (reviewers, please see end of paper).
A kinetic study of the ε-CL polymerization using 1, (Fig. 8, left) and that the ε-CL conversion reached >95 % over 80 min (Fig. 8,   right ). From Fig. 8 , the rate order 1 > 5 > 9 > 10 was observed suggesting that the presence of the phenoxy (salicylaldimine) motif may well be beneficial, although this is only a tentative suggestion given the differing structures of the complexes. Indeed, it could be argued that the presence of the multiple metal centres in 9 and 10 is detrimental to the rate. The data here (and that for the ROP of rac-LA) also suggested that these catalysts require an induction period, suggestive of slow activation. The ROP of rac-Lactide (rac-LA) was conducted using 1 -11 in the presence of BnOH (scheme 5). All complexes were active, and the polymerizations were mostly well controlled (PDIs 1.04 -2.36; only 3 runs gave PDIs > 1.5), although conversions were somewhat lower than those observed for ε-CL.
Indeed, in most cases, it proved necessary to conduct the polymerizations over 12 h to achieve reasonable (Fig. 9, left) and that the rac-LA conversion reached >70% over 12 h. (Fig 9, right). The same order of reactivity was observed here as for the ε-CL case, although for 1 and 5 there was a clear rate enhancement after 6 and 8 h respectively. Table 2 . ROP of rac-Lactide (rac-LA) using complexes 1-11. Insert here (reviewers, please see end of paper). To assign the stereochemistry of the PLA polymers, we employed 2D J-resolved and homonuclear decoupled 1 H NMR spectroscopy, and assigned peaks by reference to the literature. [20] Representative spectra for runs 21 and 26 are given in the SI (Figs. S16 -S19), with the assignments given on the respective figures; these systems gave atactic PLA as reported elsewhere for this observed spectral pattern.
[21]
Of the complexes displayed in Chart S1 (SI), precatalysts III, V, X and XXVII closely resemble structures 1 -8 herein. System 3 bearing an iminebound pentafluorophenyl group and only one (ortho)
tert-butyl substituent on the phenoxy moiety is more active at lower temperatures over shorter reaction times affording higher molecular weight products, particularly in the case of ε-CL and δ-VL.
[6c] Precatalyst V, bearing a 2,4-difluorophenyl group at N, is a little slower than III for the ROP of ε-CL and is comparable with 1 -8 herein, although the polymer molecular weight is somewhat reduced cf III, it is still higher than observed for the PCL herein.
[6e]
System X, possessing a para isopropyl substituent on the N bound aryl but bearing 3, 5-di-tert-butyl groups on the phenoxy as for 1 -8 herein, has comparable activity for the ROP of rac-LA requiring 48 h to achieve complete conversion but affords higher molecular weight PLA.
[6i] Pre-catalysts XXVII possess an N bound CHPh 2 , but with no tert-butyl substituents on the phenoxy (or thiophenoxy) motif, [6z] and these Me 2 Al systems can most closely be compared with 5. For ε-CL, results using 5 (run 9, C NMR spectra (Fig. S21 , SI) were assigned as per the literature. [22] The highest % incorporation of LA was found for 1 (62.6%). Observed molecular weights (3680 -6670) are best described as low to moderate, however we note there is interest in low molecular weight poly(lactide/caprolactone) polymers as bio-adhesives. [23] Thermal analysis of the co-polymers by DSC revealed two melting points at 55.7 °C (PCL) and 125.9 °C (PLA), see Fig. S22 , SI. (Table 4 entries 7-10) are near linear (Fig. S23, SI) .
In general, the ROP of δ-VL was slower than that of ε-CL, which is consistent with the thermodynamic parameters for these lactones. [24] Within the series 1 -6, %conversions increased on increasing bulk of the aniline derived moiety. In the case of 7 and 8, the presence of either the amine linkage or phosphine function respectively, appeared to be detrimental to the activity. The non-Schiff-base systems 9 -11 required longer (24 h) to achieve reasonable %conversion. Molecular weights (M n ) for all systems were somewhat lower than calculated values. 1 H NMR spectra of the resultant polymers (e.g. Fig. S24 , SI) indicated the presence of benzyloxy and OH end groups. As mentioned previously, comparison with the systems in Table S1 for the ROP of δ-VL reveals that they are inferior to the phenoxyimine system III bearing a C 6 F 5 group at the imino N which operates under milder conditions and affords far higher molecular weight products, but are comparable with the performance of system VI.
[6c, 6f] Table 4 . ROP of δ-valerolactone using Al complex 1-11 Insert here (reviewers, please see end of paper).
Conclusion
In conclusion, we have prepared and structurally 
Experimental
General:
All manipulations were carried out under an atmosphere of dry nitrogen using conventional H, and the complexes 1 and 7 were prepared as described previously. [10, 11] Synthesis of Ph,MeCHN=CH (3,5- Synthesis of [iPrCHN=CH (3,5- 
A solution of AlEt 3 (1.9 ml, 3.0 mmol, 2 M in toluene) was added at room temperature to a solution of iPrCHN=CH (3,5- AlNO: C, 76.92; H, 9.56; N, 3.32. Found: C, 76.65; H, 9.33; N, 3.28% . IR (nujol mull, KBr, , 8.41; N, 3.07. Found: C, 79.19; H, 8.28 
Ring opening polymerization.
Typical polymerization procedures in the presence of one equivalent of benzyl alcohol (Table 4, 
Crystallography
Structures were solved using automated direct methods within SHELXS-86 or intrinsic phasing within SHELXT. [26] Structures were refined by fullmatrix least squares refinement within SHELXL-2014 using all unique data. [27, 28] Hydrogen atoms were placed using a riding model. Where data were sufficiently good, methyl group orientations were refined. Many of the structures displayed disorder in the position of methyl groups or in solvent of crystallisation. This disorder was modelled using standard techniques.
Diffraction data were collected on a range of different CCD diffractometers and were corrected for absorption and Lp effects using multi-scan methods. [29] The details are presented in Table 7 . For 5 the crystal examined was twinned. The structure was refined using all observed reflections within SHELXL using the HKLF5 formalism. Samples L 3 H(dpa) and L 3 H(dpg) were collected at different temperatures from samples made in the same way. In each case the structure determination was repeated using a second crystal to confirm the correctness of the crystal structure at that temperature. Diffraction data for 9 were collected using synchrotron radiation at Daresbury Laboratory Station 9.8. For 10: The structure was refined as a two-component twin using the HKLF5 protocol as above for 5. (5) 12.019 (7) 10.4155 (6) b (Å) 11.8421 (5) 5.9804 (7) 9.329 (2) 12.2889 (7) c (Å) 22.5152 (9) 22.048 (3) 12.761 (6) Temperature (K) 293 (2) 150 (2) 150 (2) 160 (2) Wavelength ( 
